Heat capacities, standard enthalpies of formation and entropies for 339 polybrominated/chlorinated dibenzo-p-dioxins (PXDDs) in the gas state were calculated using the density functional theory to construct a consistent set of thermodynamic values. The heat capacities and the entropies for PXDDs increase with increase in the substitute number of bromine and chlorine. As the degree of bromination increases, the standard enthalpies of formation and the Gibbs free energies of formation of PXDDs increase, while the degree of chlorination has only a small effect on their values compared with bromination. A much higher bromine potential than chlorine potential is needed for the formation of brominated dioxin congeners. However, the bromine-chlorine equilibrium potential for the formation of PXDDs suggested thermodynamically the possibility of their priority formation under the usual gaseous conditions where HBr and HCl are similar levels, because the bromine potential of the gas is much higher than the chlorine potential when the partial pressure of the two is similar.
Introduction
Brominated flame retardants (BFRs) including tetrabromobisphenol A (TBBPA), polybrominated diphenyl ethers (PBDEs), polybrominated biphenyls (PBBs), and hexabromocyclodecane (HBCD) have been widely used in plastics, textiles, electronic circuitry and other materials to prevent fires, and hold an important market share. Recycling activities for these consumer products containing BFRs are increasing and have become more important in recent years, due to the formation of polybrominated dibenzo-p-dioxins and furans (PBDD/Fs), and also mixed halogenated congeners such as polybrominated/chlorinated dibenzo-p-dioxins and furans (PXDD/Fs) in the case of thermal stress, because BFRs appear to be a main source of these brominated dioxin congeners in incinerators. [1] [2] [3] [4] [5] [6] [7] [8] [9] However, the formation behaviors of brominated dioxin congeners from the incinerators have not yet been clarified, one of the reasons is that the current analytical methods are able to detect but not quantify all mixed brominated/chlorinated congeners. Because of the complexity of analytical procedures and lack of reference standards, it has been possible to characterize and determine only a small number of PBDD/F and PXDD/F isomers.
There is much less information on PBDD/Fs and PXDD/ Fs than on their chlorinated analogues, and very little experimental data on their physicochemical properties. Using the thermodynamic data of PBDD/Fs and PXDD/Fs, it is possible to predict thermodynamically their formation in combustion gas from incineration.
We recently reported the calculated heat capacities, standard enthalpies of formation and entropies for 76 polybrominated dibenzo-p-dioxins (PBDDs) and 136 polybrominated dibenzofurans (PBDFs) using the density functional theory (DFT). 10, 11) In this study, the thermodynamic properties were calculated for 339 PXDDs in the gas state using the DFT method with the Gaussian 98 program, 12) in order to show part of a consistent set of thermodynamic values for PXDD/Fs available for thermodynamic evaluation and consideration of their formation and decomposition in the combustion processes.
Computational Methods
Becke's three-parameter hybrid function combined with the gradient-correlation function of Lee, Yang and Parr (LYP), denoted B3LYP, was employed in the theoretical computations using DFT. The detailed method of calculating thermodynamic properties of brominated dioxins was shown in our last articles. 10, 11) Heat capacity (C p ) and entropy (S ) were directly calculated using DFT and were directly obtained from the output of Gaussian programs. The equations used for calculating the absolute entropy of molecules are as follows:
where S trans , S rot and S vib are translational, rotational and vibrational entropy, respectively, which can be calculated by the following equations:
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where R is the gas constant (8.31451 JÁmol À1 ÁK À1 ), N is the atom number in a molecule, m is the molecular mass, k is the Boltzmann constant (1:380658 Â 10 À23 JÁK À1 ), h is Planck's constant (6:6260755 Â 10 À34 JÁs), T is the temperature, p is the pressure, r is the symmetry number for rotation, I is the moment of inertia, and is the vibrational frequency.
The heat capacity at constant pressure was calculated using:
13,14)
where C trans , C rot and C vib are contribution to heat capacity due to translation, rotational motion, and vibrational motion, respectively. 
where Á r H and Á r G indicate the enthalpy and Gibbs free energy changes of reaction, respectively. The same values of Á r H and Á r G can also be evaluated using Á f H and Á f G of each compound in eqs. 7 and 8. The unknown Á f H and Á f G of PXDD can be calculated as follows:
The discrepancies between our calculated results and available experimental values for 16 brominated arenes have also been discussed and our calculated results confirmed to be accurate. 10, 11) There are theoretically 1700 PXDD and 3320 PXDF isomers. As stated, 339 representative PXDDs were calculated, and the calculated isomers cover all substitution numbers of bromine and chlorine.
Results and Discussion
The calculated results of C p , Á f H , S and Gibbs free energy of formation (Á f G ) for the 339 PXDDs in the gas phase at 298.15 K (Temperature range for C p is 298.15 to 1500 K.) and 101.325 kPa are listed in the table in Appendix. Figure 1 shows the average standard enthalpies and free energies of formation for each PXDD homologue within the same degrees of bromination and chlorination at 298 K. Figure 2 shows the average entropies and heat capacities for each homologue. As the degree of bromination increases, Á f H values of PXDDs increase, while decreasing slightly with increase in degree of chlorination compared with bromination; the values of Á f G of PXDDs have the same tendency. It is suggested that the relative thermodynamic stability is affected by the intramolecular repulsion effect.
15)
The repulsion energy of Br-Br is much larger than that of ClCl, which makes the molecule unstable, because the bromine atom is larger than the chlorine atom. The values of S and C P Br1Cl2DD  Br1Cl3DD  Br1Cl4DD  Br1Cl5DD  Br1Cl6DD  Br1Cl7DD  Br2Cl1DD  Br2Cl2DD  Br2Cl3DD  Br2Cl4DD  Br2Cl5DD  Br2Cl6DD  Br3Cl1DD  Br3Cl2DD  Br3Cl3DD  Br3Cl4DD  Br3Cl5DD  Br4Cl1DD  Br4Cl2DD  Br4Cl3DD  Br4Cl4DD  Br5Cl1DD  Br5Cl2DD  Br5Cl3DD  Br6Cl1DD  Br6Cl2DD Br7Cl1DD Fig. 1 Average standard enthalpies and free energies of formation for each PXDD homologue within the same degrees of bromination and chlorination at 298 K. 
Fig. 2 Average entropies and heat capacities for each PXDD homologue within the same degrees of bromination and chlorination at 298 K.
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X.-W. Li, E. Shibata and T. Nakamura increase with increase in the substitution numbers of bromine and chlorine as shown in Fig. 2 . One reason is thought to be the change in molecular weight with the substitutions of bromine and chlorine. Figure 3 shows the most and least stable isomers on the basis of standard Gibbs free energies of formation at 298 K within the mono-brominated dioxin homologues calculated in this study. It is obvious that the most stable isomer has no or a minimum number of adjacent chlorine and bromine atoms, whereas the least stable isomer has a maximum number of nearest chlorines and bromines because the intramolecular repulsion energies affect the stability of the molecule.
Using the regression method, the correlations of thermodynamic properties (Á f H , Á f G , S and C p ) at 298 K with the substitution number of bromine (x) and chlorine (y) were obtained for PXDDs from the calculated results of each isomer in the where R 2 indicates the coefficient of determination for the regression analysis. All these formulas indicate that the substitution number of bromine (x) has much more effect on the thermodynamic properties of PXDDs than the substitution number of chlorine (y). 
where K and P indicate the equilibrium constant of reaction and partial pressure, respectively. The diagram was drawn assuming P TeCDD ¼ P Br m Cl ð4ÀmÞ DD in order to know easily the possibility of bromination of the chlorinated dioxin congeners thermodynamically. The diagram shows that each 2,3,7,8-TeXDD can be thermodynamically formed from 2,3,7,8-TeCDD at higher bromine potential than each solid line, respectively. The equilibrium potentials of bromine and chlorine for the relationship between the gaseous HCl and HBr at their several partial pressure ratios are also shown by dotted lines based on the following reaction:
The priority formations for each 2,3,7,8-TeXDD and their relationship with the ratio of HBr to HCl can be distinguished and discussed using this diagram. For example, when the ratio of HBr to HCl is 0.3, 2,3-Br 2 -7,8-Cl 2 -DD is supposed to be more stable than 2,3,7,8-TeCDD thermodynamically. From the diagram, it is suggested that much higher bromine potential than chlorine potential is needed for the formation of brominated dioxin congeners. However, even in the formation region of 2,3,7,8-TeBDD, the partial pressure of HBr can be lower than that of HCl such as HBr/HCl = 0.5, because HBr has thermodynamically much less stability than HCl and the equilibrium of the reaction shown in eq. (17) shifts to the left. In other words, when the partial pressure of HBr is similar to that of HCl in the gas, the bromine potential of the gas is far higher than the chlorine potential. Although a detailed discussion on the formation of brominated dioxin congeners is difficult using Fig. 5 because of the simplified calculations, the diagram can suggest thermodynamically the possibility of their priority formation under the usual gaseous conditions where HBr and HCl are at similar levels.
Yazawa et al.
16) evaluated thermodynamically the formation and decomposition behavior of PCDD/Fs, and the effects of temperature and gas compositions on them in the C-H-O-Cl quaternary combustion gas assuming homogeneous gas equilibrium. They used the consistent set of thermodynamic data of PCDD/Fs estimated by Menad. 17, 18) Actually, the formation and decomposition of dioxin congeners are supposed to proceed in the heterogeneous gas solid interface, and the kinetic effects are also important and effective on their formation. The thermodynamic prediction is not necessarily agreement with the practical quantitative analysis in the incinerators. However, the thermodynamic evaluations can show us the approximate trends of the effect of gas compositions and temperature on their formation and decomposition behaviors.
16,19) Thermodynamic evaluations are useful for the formation and decomposition of dioxin congeners even for PCDD/Fs, because it is very difficult to clarify their complicated formation mechanism kinetically at present. There is much less information and fewer reports on the formation and decomposition behaviors of PBDD/Fs and PXDD/Fs in incinerators compared with PCDD/Fs, because of analytical difficulties. Using the consistent set of thermodynamic data for PBDD/Fs and PXDD/Fs, the thermodynamic evaluations and considerations would be possible for the brominated dioxin congeners in the combustion gas, and would provide important knowledge of their formation and decomposition behaviors.
Conclusion
The thermodynamic properties of 339 PXDDs in the gas state were calculated using the density functional theory (DFT) to construct a consistent set of thermodynamic values for them. As the degree of bromination increases, the standard enthalpies of formation for PXDD/Fs and the Gibbs free energies of formation of PXDDs increase, while the degree of chlorination has only a small effect on their values compared with bromination.
Much higher bromine potential than chlorine potential is needed for the formation of brominated dioxin congeners. However, the bromine-chlorine equilibrium potential for the formation of PXDDs suggested thermodynamically the possibility of their priority formation under the usual gaseous conditions where HBr and HCl are at similar levels, because the bromine potential of the gas is much higher than the chlorine potential when the partial pressure of the two is similar in the combustion gas. Appendix Table AÁ1 Evaluated thermodynamic properties of gaseous PXDDs from 298.15 K to 1500 K at 101.325 kPa. continued on the next page 2446 X.-W. Li, E. Shibata and T. Nakamura continued on the next page 2448 X.-W. Li, E. Shibata and T. Nakamura 
